Abstract. This paper is focused on the elaboration of some W/Cu functionally graded materials (FGM) by spark plasma sintering (SPS) process, as well as on their characterization, from the wear behavior and microhardness point of view function of composition and sintering temperature. The raw materials used for the research were W/Cu mechanically alloyed powders for 20 hours, which were subjected to consolidation in three layers of compositions W 100-x Cu x , where x is 25, 30 and 40 % wt. by SPS. The evolution of tribological parameters and microhardness function of the chemical composition and SPS temperature were investigated. Microhardness is influenced by the SPS temperature and composition of the layers namely, the highest value was attained for the sample sintered at 950 o C and layer 1 which consists in W 75 Cu 25 . The wear behavior is influenced by the composition of the layers and by ball testing material (100Cr6 and alumina).
Introduction
Copper alloys are frequently used in applications that require high electrical and thermal conductivity. In some applications that require strength and wear resistance it is necessary to alloy copper with others metals. Alloys based on copper and tungsten attract the attention due to the combination of properties such as low thermal expansion coefficient, high melting point, high strength and wear resistance conferred by tungsten with a high electrical and thermal characteristics conferred by copper [1] [2] [3] [4] [5] [6] .
The researches in the field of W/Cu alloys are focused on the controlling the microstructure by optimizing the composition or processing techniques [7] [8] [9] [10] [11] . Due to their insolubility and high differences between densities and melting points it's very difficult to produce W/Cu composite. There are different methods to produce W/Cu composite/nanocomposite namely: copper infiltration and liquid phase sintering [10, 12] which are considered classical methods, respectively new methods as mechanical alloying (MA), mechano-chemical processes (MCP) [13] , mechanothermochemical processing (MTP) [14] , the thermo-mechanical method [15] , wet-chemical methods [16] and spray drying [17] .
Functional graded materials (FGM) based on W/Cu represent a new category of materials consisting in two or more layers, in which the microstructure and the composition vary from the top layer to the bottom layer and vice versa. This class of materials presents some advantages comparative to the single layer materials, namely: the properties are different in each layer, residual and thermal stresses are reduced and the fracture strength is optimized [18] [19] [20] . The main fields of applications of W/Cu FGM are: electrical contacts, plasma facing materials, heat sink materials, etc. [21] In recent decades, Spark Plasma Sintering (SPS) became a popular sintering method which is widely used in fabrication process of different materials as: ceramics, cermets, metals, hard materials, composite materials and FGMs [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . The SPS process is different by conventional sintering in that, the cold pre-pressed powder is sintered by discharge impact, spark plasma, Joule heat and intrinsic field effects produced by additional strong pulse currents through the powders. The SPS is assisted by a vertical uniaxial load in order to accelerate the process. The main advantages of the SPS process are: rapid heating (over 200 o C/min), short dwell times, lower temperatures and fine microstructures [32, 33] .
The present work is focused on the elaboration of three layers W/Cu FGM by SPS process. The composition of the layers consisting in W 100-x Cu x , where x is 25, 30 and 40 %weight. The influence of the SPS temperature and layers composition on the wear behavior and microhardness were studied.
Experimental work

Raw materials
Tungsten nanopowders (Fig. 1a) obtained by mechanical milling for 35 hours with particle size about 50 nm (according to Dynamic Laser Scattering analysis) and copper micrometric powders (type SE Pometon) with particle size around 10µm (Fig. 1b) were used as raw materials in order to prepare the mixtures. (Fig. 1b) which have dendritic shape, corresponding to electrolytic process.
Three types of mixtures with the following concentrations (% weight): 75W/25Cu, 70W/30Cu and 60W/40Cu were subjected to mechanical milling process for 20 hours in order to obtain composite powder. For mechanical milling (MM) process planetary ball mill Pulverisette 4 made by Fritsch was used. The milling parameters were: material of vials: stainless steel, vials volume: 250 ml, materials of balls: stainless steels, balls diameter: Φ=10 mm, balls to powder ratio: 2/1, (Fig. 2) . 
Elaboration of functional graded materials
The mixtures obtained after MM process was used in order to obtain three layered functional graded materials (FGM) by spark plasma sintering (SPS) according to the flow chart presented in (Fig. 3) .
Fig. 3. Experimental flow chart
A thin graphite paper was put into the inner part of the die for lubrication and other two papers were put on the bottom and upper of the part in order to prevent the powder to stick on the graphite punches. The samples were sintered at four temperatures (950, 850, 750 and 650 o C) without dwell time and a pressure equal to 20 MPa using a SPS homemade system from Technical University of Cluj-Napoca. The heating rate was about 300 o C/min. After SPS the density of the samples was measured by the Archimedes' method. The samples were cut and polished in order to study the microstructural aspects and microhardness. The optical microscopy was made using an NIKON microscope with NIS ELEMENTS image software. SEM characterisation was performed using a JEOL JSM5600LV microscope equipped with EDX spectrometer (Oxford Instruments, INCA 200 software). The micro hardness was measured using a Namicon tester with a load of 9.8
185
N and a dwell time of 15 seconds. The investigation of wear behavior was performed using a CSM Instruments tribometer TRB 01-2541 and a Taylor Hobson Surtronic 25+ profilometer. The parameters for wear testing were: type: ball on disk; load -2N; testing method -linear; amplitude -6mm; speed -10cm/s; distance -60 m; ball material -100Cr6 and alumina; temperature -25 o C.
Results and discussion
The relative density function of the SPS temperature is plotted in (Fig. 4) .
Fig. 4. Relative density function of the SPS temperature
The highest value of the density is attained at 950 o C and it is observed that it decrease with the decreasing of the sintering temperature. The EDX line distribution on the three layers, (Fig. 6) shows the distribution of W and copper function the scanning distance. It is observed that the content of W decrease from left (first layer -75%W) to the right (third layer -60%W). In the same time a slight increase in Cu is recorded, according the layer composition change. In (Fig. 7) are presented the interfaces of the three layers. Analysing (Fig. 6, 7) it is obvious that the graded structure was attained. The interfaces seems to assure continuity from one layer to another as it can be seen in (Fig. 7) . The composition differences between the layers are small, probably due to the powder superficial mix at the interface. In (Fig. 8 ) is plotted the evolution of the microhardness. The measurements of the microhardness were performed in all the three layers, even if only the layer 1 and 3 are important from this point of view, because only these are in contact with other materials. The bonding between W and copper particles influences the microhardness of the layers. The highest value of the microhardness was attained in the layer 1 (75W/Cu) sintered at 950 o C and it decreases with the decreasing of the W content.
Powder
The results on the wear tests are presented in (Table 1 ) and the optical light microscopy of the worns resulted after the tribological tests (with 100Cr6 ball) are presented in (Fig. 9 and 10) . In (Fig. 11) are presented optical images of the two balls after tribological tests. of 0.370-0.498 for the samples which were tested with 100Cr6 ball which are higher than the friction coefficients obtain in the case of alumina ball (0.268-0.342). These values are lower compared with the case of W-30wt%Cu which reported friction coefficient about µ=0.64 [34] respectively µ=0.78 and µ=0.56 in the case of W-25wt%Cu [35] . As it can be seen from (Fig. 11) , the worn cap of the 100Cr6 ball is larger compared with that of the alumina ball in all the cases. (Fig. 9, 10 ) it can be observed that the wear is abrasive due to the presence of the ball material on the sample. The worns of the samples are in accordance with the partner worns (balls). The samples sintered at 650 o C present micro cracks after the wear testing ( Fig. 10 c, d) 
Summary
The experimental results obtained in this research lead to the following conclusions:
• it can be obtained materials with functional and structural gradient by stacking layers and using spark plasma sintering; • the microhardness is influenced by the sintering temperature and composition of the layers namely, it increasing with the increasing of W content and SPS temperature; • regarding the tribological tests, in the case of sintered materials because the presence of the pores which tend to fill with material of the ball, the wear rates aren`t in accordance with the microhardness. Because of that, the sample sintered at 650 o C presents the lowest values for the worn track sections and wear rates.
